Abstract To detect cation channels, the expression of which is dependent on the physiological state of muscle, single-channel activities of dissociated fibres of the mouse interosseus muscle were recorded using the patch-clamp technique in the cell-attached mode. Fibres were prepared from juvenile and adult wild-type (WT), from chloride channel-deficient myotonic and from denervated adult WT muscles. In all cases delayed-rectifier K + channels (K DR ) with a unitary conductance of 11 pS were recorded in more than 95% of sarcolemmal patches, but with a low, steady-state open probability. Inwards-rectifying K + channels (K IR ) with a conductance of 31 pS in 140 mM [K + ] o were active in about 50% of the membrane patches from WT and in more than 90% of those from myotonic fibres. A hitherto undescribed, inwards-rectifying, cation channel, provisionally termed C IR , with fast kinetics and a unitary conductance of 36 pS, was active in nearly every membrane patch from juvenile mice, both WT and myotonic. The abundance of C IR decreased during development, but was not changed 7 days after denervation of adult WT muscle. Ca 2+ -dependent K + channels were seen sporadically. Channels with the characteristics of adenosine 5'-triphosphate (ATP)-sensitive K + channels were recorded frequently upon excision of membrane patches, but remained inactive in most cell-attached recordings. In conclusion, of the investigated ion channels, only K IR was responsive to the activity pattern of adult muscle, whereas C IR was down-regulated during muscle maturation.
Introduction
A large, and still growing, number of K + channel genes is presently being characterized by molecular cloning methods combined with expression studies in manipulated heterologous cells such as complementary ribonucleic acid (cRNA)-injected frog oocytes or complementary desoxyribonucleic acid (cDNA)-transfected tissue culture cells. On the other hand, the role of K + currents in excitable cells has been studied by electrophysiological recordings combined with pharmacological blockade and overall changes of plasmalemmal K + conductance during differentiation and maturation of muscle fibres have been observed [9, 12] . The excitability of the sarcolemma is governed by chloride and cation channels, the expression of which is, in part, dependent on the excitation pattern. The expression of these channels may thus be a link in a long-term regulatory feedback loop. However, the correlation between single-channel characteristics as determined by patch-clamp studies of cells expressing the ion channel under investigation naturally and the corresponding genes and their pattern of regulation is still rather incomplete for voltage-gated cation channels in general and K + channels in particular. The complex population of these channels as predicted from their genetic diversity [17, 37] , their variable physiological characteristics due to combination with accessory subunits and modulating mechanisms [3] and the scarcity of useful and specific blocking agents for these channels has hampered progress.
In the present study we addressed this problem for skeletal muscle by using the near-native preparation of dissociated mature muscle fibres and by studying the abundance of several voltage-gated cation channels as a function of developmental and physiological variables, namely age, hyperexcitability due to a lack of chloride Denervation under pentobarbitone anaesthesia and killing by gradually increasing CO 2 concentration were performed according to the German law for the protection of animals with a permit from the appropriate authorities.
Recording methods.
The patch-clamp technique [15] was used in the cell-attached and excised inside-out configurations. Patch pipettes were made from borosilicate glass capillaries (GB 150T-8P, Science Products, Hofheim, Germany) on a horizontal Flaming/Brown micropipette puller (model P 97, Sutter Instruments, San Francisco, Calif., USA) in a three-step process and coated with Sylgard (Dow Corning, Midland, USA). Filled with physiological pipette solution, tip resistance was 3-5 MΩ. Seal resistances were 5-20 GΩ. Recordings were made with a BioLogic RK 300 amplifier (Science Products, Hofheim, Germany), whereby a steady holding potential was applied to the inside of the electrode.
Solutions
Bath and physiological pipette solution contained (in mM): NaCl, 140; KCl, 2.5; CaCl 2 , 0.5; 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES)-NaOH buffer, 5 (pH 7.4). For pipette solutions with higher than physiological [K + ], K + partially replaced Na + . For low-Cl -solution, 130 mM Cl -was replaced by equimolar CH 3 SO 3 -. For low-cation solution, 100 mM Na + was replaced by N-methyl-D-glucamine (NMDG + ). Cs + /Ba 2+ solution contained (mM): CsCl, 140; BaCl 2 , 2; CaCl 2 , 0.5, HEPES-NaOH buffer, 5 (pH 7.4). Tetraethylammonium (TEA + ) solution contained (in mM): TEA-Cl, 140; CaCl 2 , 0,5; HEPES-NaOH buffer, 5 (pH 7.4). Tetrodotoxin (TTX, 1 µM, Sigma) was present in all solutions. Experiments were carried out at room temperature (18-24 °C).
Data processing
Recordings were digitized with a sampling frequency of 4 kHz and stored on the hard disk of an IBM-compatible computer. A 4-pole Bessel low-pass filter with a cut-off frequency of 1 kHz (unless otherwise mentioned) was used offline. Unitary current amplitudes were determined by fitting Gaussian curves to histograms of data points. For the analysis of open probability (P o ) and dwelltime distributions channel openings were detected by setting a threshold midway between open and closed level either by hand or by a program which finds the threshold as the value which is both a minimum between two maxima in the amplitude histogram and the point of maximal change of current with time. P o was then calculated as number of data points beyond this threshold relative to the total number of data points in at least three recording periods of 10 s. Dwell-times in periods of recording from one patch were binned in a histogram. The weighted sum of up to three exponential components was fitted to this distribution by a LevenbergMarquardt algorithm.
Numerical values are given as means±SEM. Whenever the frequency of occurrence of a channel type is given, the confidence interval based on an error probability of 0.05 is indicated. The significance of differences in occurrence of a channel type between groups was analysed with Fisher's exact probability test.
Results
Ion channels were characterized and identified according to the following properties: ion selectivity, unitary conductance and kinetic parameters. Unless otherwise mentioned, graphic representations of these were based on data combined from WT and ADR mice of different ag-517 conductance, and denervation. Our investigation was concerned particularly with the following peculiarities of sarcolemmal K + conductance in mammalian skeletal muscle (G K ). First, during postnatal development in rats, G K decreases whereas G Cl increases [9] . Second, in the myotonic mouse mutant ADR ("arrested development of righting response"), lowered G Cl values, responsible for muscle hyperexcitability, are accompanied by a reduction of G K to less than half [7] . Third, whole-cell, inwards-rectifying K + currents (K IR ), thought to contribute to resting G K , are up-regulated postnatally in mouse muscle. This increase is reversed by denervation [12] .
It is not known whether these changes simultaneously affect the many types of K + channels contributing to resting conductance or only one or a few kinds specifically. Recently, K V 3.4 messenger RNA (mRNA) levels have been shown to be lowered by myotonic hyperexcitability [36] . This finding, however, can hardly account for the lowered G K of myotonic muscle, since K V 3.4 is an A-type K + channel that probably does not contribute significantly to resting G K . We therefore investigated, on the single-channel level, which K + -permeable ion channels are active near resting membrane potential (RMP), and whether the abundance of these channels is regulated by muscle activity. We used cell-attached recordings from isolated muscle fibres to be able to estimate the contribution to total conductance at RMP of different channels under close to in situ conditions, i.e. with intracellular regulation mechanisms intact. A preliminary report of parts of this work has appeared in abstract form [22] .
Materials and methods

Mice
Both wild-type (WT) mice and mice homozygous for the mutated allele Clc1 adr , rendering the gene Clc1 for the muscular Cl -channel non-functional [25, 32] (myotonic, ADR mice), were bred in our laboratory on the original A2G background (c.f. [13] ). Hindlimb muscles were denervated in 68-to 70-day-old, pentobarbitone sodium (Nembutal, 72 ng/g for males, 90 ng/g for females, injected i.p. as a 6 mg/ml solution in saline)-anaesthetized mice by transsecting the sciatic nerve of one leg. In some cases, the effect of denervation was validated by Northern blot analysis of nicotinic acetylcholine receptor-alpha subunit (nAChRα) expression, which is steeply up-regulated upon denervation (see [29] ).
Preparation of muscles and fibres
The interosseus muscle was dissected from the hind-limbs of freshly killed mice. Single muscle fibres were obtained by incubating interosseus muscles in Dulbecco's modified Eagle's medium (DMEM) containing 2 mg/ml collagenase (Gibco, Eggenstein, Germany) and 1 mg/ml protease (type IX, Sigma, Deisenhofen, Germany) in a rotary shaker at 36 °C. Enzymatic digestion was stopped when single fibres were seen to detach from the tissue (varying from 60 min for muscles from young mice and 90 min for those from adult mice) and fibres were completely dissociated by gentle trituration through a pipette tip. Fibres were maintained under tissue culture conditions in DMEM containing 10% FCS for at least 2 h and used for measurements within the next 2 days. nels [16, 31] . A-type K + channels might contribute to the activity directly after voltage steps, but are probably not relevant for analyses of channel openings at steady-state voltages.
To [20, 34] .
Activity of K DR could be observed in 107 out of 109 recordings from WT, in 19 out of 20 recordings from denervated WT and in all 106 recordings from ADR. There was thus no difference between the groups. Likewise, K DR occurred with high frequency in recordings from young (23 out of 24 recordings from WT aged 15 days or less) as well as from adult mice (36 out of 37 recordings from WT aged 40 days or more).
Inwards-rectifying K + channels (K IR )
With pipette [K + ] above physiological levels, inwards currents with long-lasting openings and low open-state noise, typical of K IR channels [17, 23, 28] , could be observed in several cell-attached recordings (Fig. 2) . No outwards currents were discernible at potentials positive to the extrapolated reversal potential of the current. Occasionally, sublevels at about 2/3 of the unit amplitude were detected. Patch excision did not lead to further activation, indicating that this channel type is probably not regulated by ATP or Ca 2+ . The channel was never detected with Cs + /Ba 2+ pipette solution (n=6) [24] . I/V relations were determined for different [ es. For representations of channel abundance, data were processed separately according to developmental (age classes) and/or physiological status (myotonic, prior denervation).
Delayed-rectifier K + channels (K DR )
There was almost never any channel activity at RMP in cell-attached patches from adult mouse interosseus muscle fibres when the pipette contained physiological saline. Stepping to a depolarizing pipette potential elicited single, often superposed, outwards currents in most recordings (Fig. 1) . Within a few seconds the channels inactivated to a low steady-state ensemble open probability (NP o , where N is the total number of channels) of about 0.05 at strongly depolarizing and 0.02 at moderately depolarizing holding potentials. The unitary conductance determined from the linear part of the current/voltage (I/V) relation was 10.6±0.3 pS (n=37), with slight inwards rectification at holding potentials higher than 100 mV. These characteristics are typical of K DR chan- This roughly square-root dependence has also been observed for the anomalously rectifying whole cell current [14] and for other native and cloned K IR channels [21, 28, 38] .
Since we were interested in the contribution of K IR to resting G K under physiological conditions, we not only recorded with high-[K + ] pipette solution which is, although very unphysiological, commonly used to study K IR , but also with 25 mM [K + ] pipette solution. Both P o and kinetic parameters depended on the pipette solution used. This dependence is not directly due to the change in [K + ] o , but to a voltage-dependent block by Na + [23] . With 25 mM [K + ] solution, P o declined markedly upon changing from a slightly negative pipette potential to strongly hyperpolarizing potentials (Fig. 3A) , caused by a voltage dependence of dwell-times: The mean open time, obtained by fitting a single exponential function to the open-time distributions, declined from 40 ms at -20 mV holding potential to about one-tenth of this value at -100 mV (Fig. 3B) . Additionally, the time constant (τ c ) for brief channel closures, gained by fitting the weighted sum of two exponentials to closed-time histograms, increased slightly with hyperpolarization (data not shown). In contrast, recording K IR with 140 mM [K + ] o led to high P o , even at strongly hyperpolarizing holding potentials (Fig. 3A) . This was consistent with the dwell-time analysis since neither the mean open-time (Fig. 3B) nor the closed-time components (data not shown) showed significant voltage dependence.
K IR channels occurred more frequently in recordings from ADR fibres than in WT fibres (Fig. 4) . Whereas in WT preparations this type of channel was active in 50% of the cell-attached patches, it could be observed in 91% of recordings from ADR muscle cells (P<0.01, Fisher test). For this comparison we pooled data from mice of different ages, but the age distribution was similar for the compared groups (WT: range 29-95 days, mean 67.4 days; ADR: range 28-98 days, mean 58.2 days). An unequal age distribution would have been critical, because the inwards-rectifying K + whole-cell current is upregulated during development [12] . Since the current reaches a plateau phase at about postnatal day 20, we only included animals older than this in our analyses. If there was an influence of developmental up-regulation, the difference between the groups should have been the reverse of that observed, since the mean age in the ADR group is lower than the corresponding value for the WT group. No influence of denervation on the occurrence of K IR could be observed (Fig. 4) .
Inwards-rectifying cation channel (C IR )
In less than 30 day-old mice a novel channel activity could be observed frequently in cell-attached recordings from interosseus fibres near RMP and at hyperpolarizing holding potentials when the patch pipette contained physiological saline (Fig. 5) . This channel showed intervals of fast open-closed transitions that were separated by long closed periods, leading to a bursting characteristic. Due to inadequate resolution of open-closed transitions or to subconductance states, the open state of the channel was much noisier than the closed state. Upon excision of the membrane patch this channel activity disappeared, indicating regulation by intracellular factors or interaction with the cytoskeleton. No outwards currents could be recorded, although in most recordings, solution conditions were symmetrical for the cations for which the channel was permeable (see below). The channel can thus be characterized as inwards rectifying, and was therefore termed C IR . With physiological saline as pipette solution, the slope conductance of the linear part of the I/V curve averaged 36.0±1.6 pS (n=20) and 32.9±1.0 pS (n=14) for WT and ADR muscle fibres respectively.
Increasing the pipette [K + ] to 25 mM or 140 mM by replacing equimolar amounts of Na + changed neither the zero-current potential nor the unitary conductance significantly (data not shown), thus indicating that C IR is not K + selective. To test the permeability for Cl -we replaced all but 13.5 mM Cl -in the pipette solution by methanesulphonate. A very slight shift of the zero-current potential in a direction opposite to that expected for Cl -channels and no change in unitary conductance was observed (Fig. 5) . On the other hand, replacing about 2/3 of the cat-ions in the pipette solution by NMDG + shifted the zerocurrent potential from 47.3±2.5 (n=20) to 35.5±3.7 mV (n=11) and reduced the unitary conductance to 13.0±0.6 pS (n=11), indicating that C IR is a cation channel. C IR turned out to be impermeable to tetraethylammonium ions, since no channel openings could be observed in 12 recordings with 140 mM TEA + solution from 14-to 28-day-old WT mice, an age group in which the channel is abundant in recordings with other pipette solutions (P<0.001 vs. 29-to 30-day WT, Fisher test). Partial replacement of cations by TEA + led to effects similar to replacement by NMDG + (data not shown), indicating that, whilst C IR is not permeable for TEA + , it is not blocked by the latter. In recordings with Cs + /Ba 2+ pipette solution C IR had a conductance of 28.9±2.1 pS (n=6) and a zerocurrent potential of 47.5±2.5 mV (n=6). This demonstrates that C IR is not blocked by Ba 2+ and that it is nearly as permeable to Cs + as to Na + and K + (Fig. 5) .
The NP o for C IR is low and voltage dependent, with values between 0.01 and 0.02 at strongly hyperpolarizing holding potentials, and about 5 times higher at depolarizing potentials (Fig. 6A) . Distributions of open times were fitted by one exponential. At least for WT the mean open time was, like NP o , dependent on holding potential, with longer open times at positive holding potentials (Fig. 6B) . For closed times, a fit by the weighted sum of two exponentials was necessary. The smaller τ value seemed to be independent of voltage, while the higher value varied between recordings and is therefore difficult to interpret (Fig. 6C) .
The percentage of cell-attached patches showing C IR activity was dependent on age (Fig. 7) . Whereas in recordings from 10-to 14-day-old WT mice the channel was always present, it was only observed in 1 out of 28 recordings from mice older than 60 days (P<0.001, Fisher test). For ADR, the developmental change resembles that of WT, although the channel occurred slightly more often in recordings from older ADR mice than in WT (not significant).
We tested if neural excitation of the muscle cell is the regulating factor for C IR abundance by denervating the muscles of one leg 6-8 days prior to recording. As C IR activity was not found in 20 recordings from denervated muscle, we conclude that it is not up-regulated by this condition.
Rare channel activities
In cell-attached recordings with higher than physiological [K + ] in the pipette solution, inwards currents of a channel type with fast open-closed transitions, grouped in bursts, were seen in 3 out of 21 recordings from WT [30] . To our knowledge. the only other channels that might have comparable kinetics are Ca 2+ -dependent K + channels (K Ca ). Since, however, these are active in another voltage range, we assume that the recorded channels are K ATP channels.
Upon strong depolarization of the cell membrane, outwards currents of a channel with a conductance of 54.9±6.1 pS (n=5) in cell-attached patches with physiological pipette solution could be recorded sporadically (data not shown). Since channels of this type could be activated by the addition of the ryanodine receptor agonist caffeine, which causes the release of Ca 2+ from internal stores, we conclude that these are K Ca channels [2] . The data were not sufficient to allow for a comparison of abundance between WT and ADR or denervated and control muscles.
Discussion
General considerations
The aim of this study was to identify K + -permeable ion channels that contribute to resting G K as shown by their activity near RMP in intact, native muscle fibres and that are regulated by muscle fibre maturation and the pattern of muscle activity. While a lack of excitation was established by denervation of WT muscle, the myotonic ADR mouse served as a model for hyperexcitability. It should be kept in mind that the loss-of-function mutation that inactivates the muscular Cl -channel ClC-1 in myotonic ADR mice [13, 32] has a highly specific primary effect, but secondarily affects the expression of a number of genes, including some coding for other ion channels [18, 36] . While cell-attached recording is as close to the situation in the animal as technically possible, it should be noted that isolation (and therefore denervation) of the fibres per se may induce physiological changes. However, previous work has shown that the effects of myotonia and prior denervation persist for several days in isolated fibres [25] .
Characteristics and identification of ion channels
We recorded a cation channel, C IR , with single-channel characteristics different from any previously described ion channel. With respect to conductance and kinetics, C IR resembles mechanosensitive cation channels, a low resting activity of which has been demonstrated in muscle fibres of young mice [11] . Systematic application of pressure was not possible with our recording equipment, but there was no indication of sensitivity to membrane deformation. Furthermore, whereas C IR rectifies inwardly, the mechanosensitive channels show outwards currents with a high open probability [10] . Low abundance in adult muscle, low open probability and rundown upon patch excision may explain why C IR has not been recorded in previous studies on native mammalian muscle fibres [4, 8, 16] .
In contrast, two kinds of K + -selective ion channels active at RMP, K DR and K IR , could be identified unambiguously, based on the analysis of single-channel properties as outlined in Results. According to RNA hybridization data at least two K IR channel types are expressed in skeletal muscle: K IR 2.1 (IRK1) and K IR 2.2 (IRK2) [33] . We cannot decide which one of these two is the K IR channel recorded in the present study, because changes in conductance and kinetics due to different expression systems seem to be larger than the differences between the channel types per se (c.f. [26, 33] ). Further studies on native systems like the interosseus muscle preparation are needed to correlate the abundance of ion channels with mRNA levels in the same cell, thus bridging the gap between information at the nucleic acid level and the level of single channels in an excitable cell. Contribution of cation channels to resting G K Although K DR channels were present in nearly every cell-attached recording, the following argument suggests that they contribute only a small fraction to resting G K . Steady-state NP o for K DR near RMP was 0.02 at the most. The contribution of K DR to the macroscopic sarcolemmal G K can be calculated according to G=N·P o ·γ·A -1 (where A is the area of the membrane patch). Since, in contrast to our protocol, membrane conductances are usually measured at 37 °C [7, 19] , so that K DR unitary conductance must be corrected by a Q 10 value of 1.45 [20] , yielding approximately 19 pS. Assuming a patch membrane area of about 5 µm 2 for 3-to 5-MΩ pipettes [27] , K DR would contribute 8 µS cm -2 or less to total G K , for which a value of 369 µS cm -2 for extensor digitorum longus (EDL) muscle fibres [19] has been reported. For the sternocostalis muscle about 260 µS cm -2 and 100 µS cm -2 have been determined for fibres of WT and ADR mice respectively [7] . K DR single-channel activity has been observed previously in intact interosseus fibres at steady-state voltages near RMP and it has been suggested that K DR is responsible for resting G K [4] . However, in view of the above calculation, we conclude that K DR can contribute 3-8 % at the most to the resting G K of normal and myotonic muscle fibres, respectively.
In [28] ), the unitary conductance at 37 °C is 13 pS. Since not only the unitary conductance but also the open probability of K IR is influenced by the extracellular solution conditions, a P o of 0.5 under physiological conditions might be a reasonable estimate. Since only the frequency of occurrence of K IR activity, regardless of the number of channels, was determined, the mean number of channels per membrane patch must be calculated from this frequency, assuming random distribution in the sarcolemma. This yields means of 0.7 and 2.3 channels per membrane patch for WT and ADR fibres, respectively. Thus, in muscle fibres of WT mice, about 90 µS cm -2 , equivalent to one-third of G K , can be attributed to K IR , which is in the range of values estimated for heart muscle cells [28] .
The newly described cation channel C IR is abundant in interosseus fibres of young mice but shows only a low open probability. Estimating the contribution of C IR to resting G K without taking into account a temperature effect results in values 50 µS cm -2 or less. Since, at least in the rat, G K is higher in muscle fibres of young than in those of adult animals (826 µS cm -2 for 12-to 14-day vs. 308 µS cm -2 for 70-to 80-day postnatal in EDL fibres [9] ), only about 6% of G K can be attributed to C IR in young mice.
K ATP and K Ca channels were only sporadically active in our cell-attached recordings, and seem therefore not to be relevant for intact fibres at rest under physiological conditions. This is in contrast to recordings from membrane patches excised from skeletal muscle fibres [1, 39] . Our results are in accordance with the finding that K Ca does not play a major role for resting G K in muscle fibres of adult (but not aged) rats [35] .
Influence of maturation and myotonia on cation channel abundance Whereas K DR channels are abundant in the sarcolemma of interosseus fibres, regardless of age and pattern of muscle activity, K IR could be recorded more frequently in membrane patches from myotonic ADR than in those from WT fibres. This is surprising, since sarcolemmal G K is reduced in the ADR mouse [7] . In addition, downregulation following denervation could not be observed in our study, in contrast to whole-cell recordings of K IR [12] . Furthermore, the reported effect of denervation on the K IR whole-cell current [12] does not parallel the change in G K which, at least in the rat, increases following denervation [5] . These discrepancies cast doubt on the putative role of K IR for resting G K in muscle cells.
The abundance of the hitherto undescribed cation channel C IR decreases during muscle maturation. However, muscle activity seems not to be the regulating factor for this change because neither hyperexcitability nor denervation influences its abundance.
In conclusion, a substantial fraction of sarcolemmal G K in mammalian skeletal muscle at rest seems to be due to K IR , whereas the contribution of K DR is only minor, and C IR contributes to G K only in immature muscle. Surprisingly, K IR single-channel abundance is higher in myotonic ADR than in WT mice, whereas total G K is lower. The sum of the estimated contributions to resting G K of all channel types that we could detect in the sarcolemma accounts for only about one-half of the resting G K reported for WT. Thus it is possible that further K + -permeable ion channels escaped our single-channel analysis, due to their location in t-tubular membranes, or extremely long open times or to extremely small unitary currents.
